Abstract. Seminoma is the most common testicular malignant germ cell tumor which severely threaten male reproductive health. However, the pathogenesis and progression mechanisms are still unclear and little research is carried out to uncover the mechanism of this cancer. To identify gene signatures that are expected to converge on particular molecular pathways may drive the development of the core cancer characteristics in seminoma. We downloaded the gene expression profiles GSE18155 from GEO database and obtained the differentially expressed genes (DEGs). Then, we performed Gene ontology (GO) and Kyoto Encyclopedia of Genes and Genomes pathway (KEGG) enrichment analyses via DAVID. In total, 3,502 DEGs were identified, including 1,563 upregulated genes and 1,939 downregulated genes. The top 10 hub genes, Ubc, Ubb, Mapk8, Ar, Pten, Cdk2, Cdk4, Rac1, Top2a and Cdkn1a were identified from the proteinprotein interaction (PPI) network which was constructed by Cytoscape. Sub-networks analyzed by MCODE plugin revealed these genes were involved in significant molecular pathways, including ERBB2 signaling pathway, pathways in cancer, PI3K-AKT signaling pathway and cell cycle. Finally, validation of hub genes was checked via reverse transcription-polymerase chain reaction (RT-PCR) assay and immunohistochemistry (IHC). In conclusion, our study revealed that the identified hub genes increased the understanding of genetic etiology and molecular mechanisms underlying the development of seminoma, in return, they could be used as potential diagnostic biomarkers and therapeutic molecular targets for seminoma.
Introduction
Testicular germ cell tumors (TGCTs) are the most common solid tumors among adolescent and young adult male, of which the incidence rates is actually increasing every year (1) . Seminoma is the most common testicular germ cell tumor which often develops in the cryptorchid testis and occurs between 35 and 45 years (2) . As we know, seminoma, like other cancers, is considered as a histologically heterogeneous disease in which gene aberrations have a prominent role in cancer occurrence, progression, and metastasis (3, 4) . Emerging evidence has revealed that multiple genes and molecular pathways participate in the initiation and progression of human cancers. Targeting of hub genes and key molecular pathways has been recognized as a promising approach in the discovery and treatment of cancer (5) . However, only few aspects of the mechanism and gene expression of this cancer are well studied and remain largely unclear. Therefore, to get a better understanding of the genetic etiology and molecular mechanism involved in the occurrence, progression, and metastasis of seminoma is extremely vital for acquiring more effective diagnostic biomarkers and therapeutic strategies.
The conventional serum diagnostic markers, such as α-fetoprotein (AFP), human chorionic gonadotrophin (hCG) and lactate dehydrogenase (LDH), show some utility in the diagnosis and follow-up purposes of TGCT (6) . However, AFP
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and hCG also exhibit certain limited sensitivity and specificity, being indicative of yolk sac tumor (AFP) and choriocarcinoma or syncytiotrophoblast (hCG) subtypes. Furthermore, LDH is recognized as a very nonspecific biomarker. Therefore, seminomas and non-seminomatous GCTs (NSGCTs) comprising a pure embryonal carcinoma subtype are often negative for these conventional markers (7) (8) (9) . Accumulated studies have shed light on the transformation of normal gonocytes into malignant germ cell tumors (Fig. 1) . Gain of chromosome arm 12p is considered to have a highest effect and be nearly universal in TGCTs (10, 11) . Despite germline genome wide association studies have confirmed several risk loci for TGCTs, only Kit and Ras gene family have been implicated repeatedly in different TGCTs (12) . Besides, genome-wide microarray screens have identified some elevated expression of embryonic pluripotency-related genes such as Pou5f1, Lin28, Nanog and Tfap2c in germ cell neoplasia in situ, embryonal carcinoma and seminoma (4) . Despite these former efforts to discover genetic foci of susceptibility, no validated molecular biomarkers exist that can be used for precise screening, diagnostic or therapeutic purposes.
In this study, we focused on the most common testicular germ cell tumors -seminoma (roughly 56% of cases, peak incidence at 35 years (13). We used a systematic approach that can be used for acquiring novel molecular biomarkers for seminoma. Based on data from GEO online database, we explored the differently expressed genes (DEGs), related molecular pathways and consequently constructed a regulatory network. Then the top 10 hub genes were chosen and determined by RT-qPCR and IHC assay, which could be used as potential biomarkers for diagnosis and may also be related with prognosis. Furthermore, these targets could possibly also give us a novel insight into seminoma pathogenesis.
Materials and methods
Microarray data. The gene expression profiles of GSE18155, including 12 seminoma samples and 5 normal testis samples, were obtained from National Center of Biotechnology Information (NCBI) GEO database (GEO, http://www.ncbi. nlm.nih.gov/geo/). The GSE18155, which was based on GPL96 [HG-U133A] Affymetrix Human Genome U133A array, was submitted to the database by Matthew Jonathan Murray et al.
Differentially expressed gene analysis. The raw data were analyzed by using GCBI online software (https://www.gcbi. com.cn/gclib/html/index). Upregulated and downregulated genes were identified between seminoma and normal controls. A classical criteria of t-test was used to identify DEGs with a change ≥2-fold and defined a P-value cutoff <0.05 to be statistically significant.
Functional and pathway enrichment analysis of DEGs. It is well known that Database for Annotation Visualization and Integrated Discovery (DAVID) is a common useful method to perform Gene ontology analysis (GO) and Kyoto Encyclopedia of Genes and Genomes (KEGG). We chose the human genome as the background list and human was used as the species. P<0.05 was considered statistically significant.
PPI network construction and selection of modules. We used online tool Search for the Retrieval of Interacting Genes (STRING) database (http://www.string-db.org) to evaluate the protein-protein interaction (PPI) information. To identify the interactive relationship among DEGs, we imported the DEGs to STRING and only experimentally validated interactions with a combined score >0.7 was selected as significant. Then these significant DEGs were mapped into Cytoscape plugin to create network visualizations. Finally, we put the resulting PPI network to module analysis with the Plugin MCODE with the default parameters (Degree cutoff ≥2, Node score cutoff ≥2, K-core ≥2, and Max depth=100). Moreover, the function and pathway enrichment analysis were performed for DEGs in the modules. P<0.05 was considered to be significant.
Analysis of hub gene mRNA and protein expression in human seminoma. Top 5 hub gene protein expression in seminoma tissues and normal tissues was determined from the human protein atlas (www.proteinatlas.org). Meanwhile, mRNA expression was determined via analysis of Korkola Seminoma Statistics, which are available through Oncomine (Compendia Biosciences, www.oncomine.org). High and low groups were defined as above and below the mean, respectively.
Clinical specimens. Five tumor samples and paired adjacent non-cancerous tissues were obtained from 5 seminoma patients subjected to orchiectomy in the Sir Run Run Hospital of Zhejiang University who were diagnosed with seminoma by more than two pathologists.
Quantitative real-time PCR (qRT-PCR).
Total RNA was extracted from patient tissues using TRIzol reagent (Invitrogen, USA) and was stored at -80˚C until use. Reverse Transcription system (Promega) was used for cDNA synthesis according to the manufacturer's protocol. The mRNA expression levels of hub genes were measured by quantitative real-time PCR using the ABI PRISM 7500 Sequence Detector system (Applied Biosystems, USA), and was normalized to an internal standard (glyceraldehyde-3-phosphate dehydrogenase, GAPDH). PCR primer used were as follows: AR: forward, 5'-TACCG CATGCACAAGTCCCG-3'; reverse, 5'-TCACTGGGTGTGG AAATAGA-3'. UBB: forward, 5'-GGTGAGCTTGTTTGTGT CCCTGT-3'; reverse, 5'-TCCACCTCAAGGGTGATGGTC-3'. UBC: forward, 5'-TGCACCTGGTACTCCGTC TCA-3'; reverse, 5'-CAGTGAGTGTCTTCACGAAGATTTG-3'. CDK4: forward, 5'-ATGGCTACCTCTCGATATG AGC-3'; reverse, 5'-CATTGGGGACTCTCACACTCT-3'. PTEN: forward, 5'-ACCCACACGACGGGAAGACA-3'; reverse, 5'-CTG TTTGTGGAAGAACTCTACTTTGATAT CAC-3'. GAPDH: forward, 5'-AGACAGCCGCATCTTCTTGT-3'; reverse, 5'-TGA TGGCAACAATGTCCACT-3'. The reaction protocol involved heating for 3 min at 95˚C, followed by 45 cycles of amplification (15 sec at 95˚C and 1 min at 60˚C). All reactions were done in triplicate.
Results

Identification of DEGs in seminoma.
In order to reveal the different expression of genes involved in seminoma, we selected the publicly available microarray datasets (12 seminoma samples and 5 normal samples) from the GEO database and used the GCBI analysis to identify DEGs between them. With the criteria P<0.05 and fold control (FC) ≥2, a total of 3,502 genes were identified after the analysis of GSE18155, among which, 1,563 were upregulated and 1,939 were downregulated. DEGs expression volcano plot and heat map are presented in Fig. 2 . GO term enrichment analysis. DEGs (3,502) were then used for functional analysis via online biological classification tool DAVID (14) . GO analysis was carried out which covered three aspects, named molecular function (MF), cellular component (CC) and biological process (BP) (15) . The results revealed that DEGs were enriched in 873 BP terms, 250 CC terms and 208 MF terms under the condition of FDR<0.05, P<0.05. GO analysis results showed that upregulated DEGs were significantly enriched in biological processes (BP), including immune response, cell adhesion, cell migration and cell proliferation (Table I ). The downregulated DEGs were significantly enriched in biological processes, including cell circle, spermatogenesis, and reproduction (Table I) . For molecular function (MF), the upregulated DEGs were enriched in protein binding and poly(A) RNA binding, and the downregulated DEGs were enriched in protein binding and ATP binding (Table I) . Besides, GO cell component (CC) analysis showed that the upregulated DEGs were significantly enriched in the cytoplasm, extracellular exosome, while downregulated DEGs were enriched in cytoplasm and nucleus (Table I) .
KEGG pathway analysis.
To further reveal the functions of DEGs, the DEGs with FDR <0.05 were entered into DAVID for KEGG pathway enrichment analysis (16) . The most significantly enriched molecular pathways of the upregulated DEGs and downregulated DEGs analyzed by KEGG are showed in Table II , from which we can draw the conclusion that the upregulated DEGs were enriched in cell adhesion molecules, PI3K-AKT signaling pathway, pathways in cancer, p53 signaling pathway, and NF-κB signaling pathway, while the downregulated DEGs were enriched in metabolic pathway, cGMP-PKG signaling pathways, FoxO signaling pathways and Wnt signaling pathway (Table II) .
PPI networks and module analysis.
To analyze the interaction and acquire hub genes of potentially diagnosis-related DEGs, protein-protein interactome was constructed using STRING (17). Then we put the genes with combined score ≥0.7 into Cytoscape for further analysis. The PPI network included 499 nodes and 577 interactions (Fig. 3) . The top 10 hub nodes with higher degrees were screened, including ubiquitin C (Ubc), ubiquitin B (Ubb), androgen receptor (Ar), phosphatase and tensin homolog (Pten), cyclin-dependent kinase 2 (Cdk2), cyclin-dependent kinase 4 (Cdk4), mitogenactivated protein kinase 8 (Mapk8), topoisomerase (DNA) IIα (Top2a), cyclin-dependent kinase inhibitor 1a (Cdkn1a), ras-related C3 botulinum toxin substrate 1 (Rac1) (Fig. 3) .
Module genes of PPI analysis were identified by MCODE. The top 3 significant modules (Fig. 4) were selected and the functional annotation of the genes involved in the top 3 modules were analyzed by DAVID (Tables III-V) , showing that module genes were related mainly to the cell cycle, cell proliferation, pathways in cancer, and PI3K-AKT signaling pathway, all of which have a close relation with tumor biology and could probably affect survival and prognosis in patients with seminoma. 
Validation of hub genes via RT-PCR and IHC.
To confirm the key genes identified by above analyses, RT-PCR assay and IHC of 5 hub genes (Ubb, Ubc, Ar, Pten and Cdk4) were conducted by using online database Oncomine and the human protein atlas. Ubb, Ubc, Ar and Pten were downregulated DEGs, while Cdk4 was an upregulated DEG. The RT-PCR results are shown in Fig. 5 . The relative expression levels of Cdk4 was increased, but that of Ubb, Ubc, Ar, Pten were decreased in seminoma compared with normal controls, which was consistent with the DEG analysis. Furthermore, the differences in hub gene expression levels were further conformed by IHC (Fig. 6) . Moreover, we evaluated identified hub genes RNA expression by RT-qPCR in paired seminoma tissues. The result was consistent with above analysis (Fig. 7) . In conclusion, our Table III . Functional annotation of the significant module 1. Term  Gene  P-value   GOTERM_BP_FAT  Translation  EIF1AX, MRPL15, MRPL22, MRPS15, RPL10L,  2.4E-33  RPL11, RPL14, RPL18A, RPL22, RPL23,  RPL26L1, RPL28, RPL29, RPL36, RPL36A   GOTERM_BP_FATE RBB2 signaling pathway UBC, UBB 6. 4E-2 KEEN PATHWAy Ribosome MRPL15, MRPL22, MRPS15, RPL10L, RPL11, RPL14, RPL18, RPL23, RPL26, L1, RPL28, 2.6E-38 RPL29, RPL36, RPL36A, RPL4, RPL6, RPL8 Table IV . Functional annotation of the significant module 2.
Category
Term Gene P-value results demonstrated that these hub genes were significantly differentially expressed in seminoma.
Discussion
Testicular germ cell cancer is the most common tumor among young men (aged 15-40 years) around the world (18) . It is evident that there is a strong relationship between congenital anomaly (cryptorchidism) and testicular cancer (19) . However, the risk factors and genetic etiology for testicular cancer are largely unknown. Consequently, understanding the molecular mechanism of TGCG is of critical importance for diagnosis and treatment. In this study, we first aimed to explore the mechanism of seminoma, which comprises 56% of total TGCGs. Nowadays, microarray and high-throughput sequencing technology give us a deep insight into the expression levels of thousands of genes in human genome simultaneously, as a result, it has been widely used to predict the potential diagnostic biomarkers and therapeutic targets for different cancers (20) . In this study, we compared gene expression profiles of seminoma tumor with normal tissues from the GEO database and identified 1,563 upregulated and 1,939 downregulated DEGs. The GO term analysis showed that upregulated DEGs were mainly composed of molecules participating in cell adhesion, PI3K-AKT signaling pathway and cell cycle. PI3K-Akt pathway is known to be a vital signaling pathway, which can promote EMT transition and have an effect on the occurrence and progression of many types of cancers (21, 22) . The downregulated DEGs were involved in metabolic molecular pathways, cGMP-PKG signaling pathway and Oocyte meiosis. A recent study suggested cGMP-dependent protein kinase G was involved in maintaining stemness of cancer stem cells and targeting this molecular pathway could effectively prevent initiation, metastasis, and relapse of the cancer (23) . Hence, GO analysis revealed several possible biological processes, molecular functions and cellular components which might be involved in the initiation and development of seminoma. Function annotation and KEGG suggested that DEGs between tumor and normal controls were greater in cell cycle, pathways in cancer, cell proliferation and ERBB2 signaling pathway. It is consistent with the knowledge that defective function of cell cycle and increased cell proliferation are the main cause for cancer initiation and progression (24) (25) (26) . Module analysis of the PPI network revealed that the development of seminoma was associated with cell cycle, cell proliferation and pathways in cancer, which was consistent with our pathway analysis. Some hub genes, including Ubc, Ubb, Mapk8, Ar, Pten, Cdk2, Cdk4, Rac1, Top2a and Cdkn1a have been identified based on the degree, which can provide a new sight for the therapeutic strategy in seminoma by constructing the PPI network.
When genes such as the cell cycle regulators cyclindependent kinases (Cdk) mutate, they may cause cells to multiply uncontrollably growth and thus result in cancer formation. Recent studies have established cell cycle kinases as anticancer drug targets by using Cdk4/6 inhibitors (27, 28) . Among the DEGs of seminoma in the present study, there were several genes deeply associated with the cell cycle, such as Cdk2, Cdk4, Top2a, Cdc14a, Cdc25c, Ccna1 and Ccne2, indicating Cdk2, Cdk4 and Top2a may serve as critical genetic aberrations in seminoma.
Ar, a downregulated DE gene, was identified as a hub gene of seminoma in this study. Androgens exert many biological effects on many tissues through the androgen receptor (Ar) (29, 30) . Previous studies indicated that activation of androgen/Ar signaling had a positive role on prostate cancer cell growth (31, 32) . In the case of testes, androgen/Ar signaling was known to be indispensable for normal development and function (33) . Recently, a study revealed that activation of androgen/Ar signal suppressed cell growth of testicular cancer in vitro and in vivo (34) . In our study, Ar expression was downregulated as confirmed by RT-PCR assays and IHC, indicating Ar is significantly negatively associated with seminoma.
Pten is a tumor suppressor and known to negatively regulate PI3K signaling to inhibit cell growth. Consequently, its suppression leads to increased proliferation and invasion ability and promotes tumorigenesis. The decreased expression of Pten is also related with the transformation of carcinoma in situ (CIS) cells into cancerous tumors (35, 36) . Furthermore, loss of PIK3IP1, an additional negative regulator of PIK kinase, contributed to increased relapse rate in TGCTs (37) . This observation suggests the negative regulators of PI3K signaling may also be related to TGCT progression/prognosis. However, literature focused on Pten expression in seminoma is still lacking. In our study, we discovered that Pten was a downregulated DEG and significantly differently expressed based on RT-PCR assays and IHC in seminoma. These results revealed a negative role of Pten on seminoma pathogenesis, which was in accordance with previous studies.
Ubb and Ubc are members of the ubiquitin gene family. Ubiquitin is a small, highly conserved protein expressed in all eukaryotic cells, which can be covalently linked to certain target proteins to mark them for degradation by the ubiquitin-proteasome system (UPS) (38) . The abundance of cellular ubiquitin is in a dynamic balance, which is ultimately maintained by de novo synthesis of ubiquitin from ubiquitin gene transcripts. Human ubiquitin is encoded by a family of multiple genes, composed of Uba52, Uba80, Ubb and Ubc, of which Ubb and Ubc are inducible by various cell stresses (39) (40) (41) . Former studies found that there are some alterations in the UB system in many types of human cancers and the deregulation of its components have been found to play key roles in cellular processes relevant to tumorigenesis (42, 43) . Besides, reduced Ubb expression inhibited TSA-induced apoptotic cascade in tumor cells (38) . In this study, we found the expression of Ubb and Ubc were significantly decreased in seminoma tissue via RT-PCR and IHC assay, which indicated the UB system is possibly involved in the tumorigenesis of seminoma.
In conclusion, with the microarray gene expression profiling, this study provides a comprehensive bioinformatic analysis of DEGs, which may be related to initiation and progression of seminoma. Results from our study provide a cluster of potential diagnostic-related genes and molecular pathways for future investigation and may be helpful for revealing the molecular mechanisms of seminoma. While, further molecular biological experiments are essential to demonstrate certain function of these hub genes and key molecular pathways in seminoma.
